We show that the forward-reverse shocks model (in the ISM case), the late internal shocks model and the early energy injection model are able to power an early X-ray bump in GRB "afterglows". However, the temporal behaviors of their decline are much different, which in turn provides us a simple but reliable tool to distinguish them.
Introduction
GRB 011121 was simultaneously detected by the BeppoSAX GRBM and WFC (Piro 2001) , the fluence in the 2-700 keV range corresponds to an isotropic energy of 2.8 × 10 52 ergs at the redshift z = 0.36 (Infante et al. 2001 ). This burst is born in stellar wind (Price et al. 2002; Greiner et al. 2003 ) and a supernova bump has been detected in the late optical afterglow lightcurves (Bloom et al. 2002; Garnavich et al. 2003) . Very recently, its early X-ray lightcurve has been published (Piro et al. 2005, hereafter P05) 1 , which is distinguished by two early bumps. The rise and fall of the first bump (also the dominant one) are both very steep. A simple power law fit to the lightcurve results in F ∝ t 10 ⊕ for 239s < t ⊕ < 270s and F ∝ t −7 ⊕ for 270s < t ⊕ < 400s, where t ⊕ is the observer's timescale. Such peculiar X-ray bump is somewhat to our surprise since no one has predicted it previously.
Piro et al. suggest that the X-ray bump represents the beginning of the afterglow (2005) . In this work, we show that it is more likely to be contributed by the long activity of the central engine, i.e., it is the extension of the prompt hard γ−ray emission, rather than part of the afterglow. This work is structured as follows: In §2, we propose several models being able to power very early X-ray bump(s). In §3, we apply our models to available observations. Our results are summarized in §4 with some discussion.
Possible models

The forward-reverse shocks model
The forward-reverse shock model has been widely accepted on interpreting the early IR/optical flashes detected in GRB 990123, GRB 021211 and GRB 041219a (For observation, see: Akerlof et al. 1999; Fox et al. 2003; Li et al. 2003; Blake et al. 2005 . For theoretical modeling, see: Sari & Piran 1999; Mészáros & Rees 1999; Wei 2003; Kumar & Panaitescu 2003; Fan, Zhang & Wei 2005) . Usually, the reverse shock (RS) emission is not dominant in the X-ray band. The synchrotron self-Compoton (SSC) radiation of the RS has been calculated and usually there is no strong X-ray emission (Wang, Dai & Lu 2001) , except under some carefully balanced conditions ).
However, in most of previous discussions, ǫ e and ǫ B , the fractions of shock energy given to the shocked electrons and magnetic field, are assumed to be the same for the forward shock (FS) and RS. This assumption may be invalid since in modeling the optical flash of GRB 990123, it is found that ǫ (Fan et al. 2002) , where the superscripts "r" and "f" represent RS and FS respectively. Different ǫ B in RS/FS regions have been found in GRB 990123, GRB 021211 and GRB 041219a independently (Zhang, Kobayashi & Mészáros 2003; Kumar & Panaitescu 2003; McMahon, Kumar & Panaitescu. 2004; Fan et al. 2005) . In this section, we study the RS/FS emission in X-ray band by adopting different shock parameters. Both the ISM medium and the wind medium have been investigated. However, only the thin shell case (i.e., the RS is sub-relativistic, see Kobayashi [2000] ) has been taken into account since in the thick shell case, the RS emission is not well separated from the γ−ray burst phase, which can not be easily distinguished, especially in X-ray band.
ISM case
In the thin shell case, the observer's time of the RS crossing the ejecta can be estimated by
where E iso is the isotropic energy of the outflow, n ∼ 1cm −3 is the typical number density of medium, η is the initial Lorentz factor of the outflow. In this Letter, the convention Q x = Q/10
x has been adopted in cgs units throughout the text.
Following the standard afterglow model for a fireball interacting with a constant density medium (e.g., Piran 1999), we write down the cooling frequency ν 
), where
3 is the typical power-law distribution index of the electrons heated by FS, 
where γ 34,× ≈ (η/Γ × +Γ × /η)/2 is the Lorentz factor of the shocked ejecta relative to the rest,
If both ν 
To derive equation (7), we have taken (
Taking p = 2.3, Γ × ≈ η/2 ∼ 100, R B = 10 and R e = 5, we have F
, in the X-ray energy range, the RS synchrotron radiation component is dominant, an X-ray bump is emerged. For t ⊕ > t × , the X-ray band RS emission drops as t −(2+p/2) ⊕ due to the curvature effect (e.g., Kumar & Panaitescu [2000] ; see Fan, Wei & Wang [2004] for numerical verification), while the FS emission drops as t −1 ⊕ , so in this case the X-ray bump can last to
−10 ergs cm −2 s −1 , which can be detectable for the X-ray Telescope (XRT) onboard Swift. The corresponding optical emission is very bright. For the typical values taken here, at V band, the flux is ∼ 0.4 Jy.
Wind case
GRB 011121 is believed to be born in a weak stellar wind. The best fitting parameters are: p = 2.5, E iso,52 = 2.8, A * ∼ 0.003, ǫ e ∼ 0.01 and ǫ B ∼ 0.5 (P05). Similar to §2.1.1, it is straightforward to show that with proper choice on R e and R B , at the crossing time, the RS emission may be dominant in the soft X-ray band. Here we do not reproduce the analytical derivation. Fan et al. (2005) , we have calculated the very early X-ray lightcures numerically. In Fig. 1(a) , the X-ray afterglow is powered by a fireball expanding into the typical ISM. In Fig. 1(b) , the X-ray afterglow is powered by the fireball interacting with an extremely weak wind (The parameters presented in P05 have been taken into account, that's why for (a) and (b), the parameters are somewhat different). For illustration, we plot the RS emission with different values of R e and R B . One can see that in the ISM case, an X-ray bump emerges only for R B , R e ≫ 1.
Numerical results
Following
In the weak wind case, as for GRB 011121, though the RS emission may be dominant in the soft X-ray band, there is no bump expected since both the FS and RS components drop with time (see also Zou, Wu & Dai 2005) . So the detected X-ray bump of GRB 011121 can not be interpreted by the FS-RS model. 
The re-activity of the central engine
After the prompt γ−ray emission, the GRB central engine system (a solar mass BH + accretion disk) may be still active Dai & Lu 1998) . For example, the late energy injection may have been found in GRB 970508 (Panaitescu, Mészáros & Rees 1998) , GRB 000301c , GRB 030329 (Granot, Nakar & Piran 2003) , GRB 021004 (Björnsson, Gudmundsson & Jóhannesson 2004) , and also suggested by the variabilities of some GRB afterglows (Ioka, Kobayashi & Zhang 2005) . In addition, the Fe line in GRB X-ray afterglow has been attributed to the long activity of the central engine in some models (Rees & Mészáros 2000; Gao & Wei 2005) .
Late internal shocks model
It is widely accepted that the prompt γ−ray emission is powered by the internal shocks (Paczyński & Xu 1994; Rees & Mészáros 1994 ). In the re-activity phase of the central engine, the Lorentz factor of the ejected material may be variable and "late internal shocks" are powered.
The observed isotropic luminosity is L x , the comoving number density of the shell can be estimated by n e ≈ L x /(16πΓ 6 δt 2 m p c 5 ), where m p is the mass of the proton. The thermal energy density of the shock can be estimated by e = 4Γ sh (Γ sh − 1)n e m p c 2 , Γ sh is the Lorentz factor of the internal shock. The intensity of the generated magnetic field can be estimated by B ≈ 3.1 × 10
int,14 , where R int ≈ 2Γ 2 cδt/(1 + z) is the typical radius of the late internal shocks, δt being the typical variability timescale. The observed typical frequency of the synchrotron radiation of the late internal shocks reads
i.e., the emission peaks in the X-ray band. The cooling Lorentz factor can be estimated as
0 , the corresponding cooling frequency reads ν c,⊕ ∼ 3.8 × 10
11 Hz ( 1.36
The synchrotron self-absorption frequency is estimated by 
Assuming that at hν x = 1 keV, the observed flux is F νx ∼ 1 mJy, as that observed in the re-burst phase of GRB 011121. The V band flux can be estimated as (ν v < ν a,⊕ )
∼ 0.7 mJy. Much weaker UV/Optical emission is possible for R int,14 ∼ 0.1 or smaller.
Below we derive the curvature effect briefly (see also Zhang et al. 2005) . Assuming the shell is ejected at t eje and moves with a Lorentz factor Γ, the electrons are shock-heated at R < R cro and cools rapidly. At R > R cro , the radiation nearly cuts off, if the observer frequency ν ⊕ is above the cooling frequency of the electrons. For t ⊕ > t eje +(1+z)R cro /(2Γ 2 c), the flux received from the shell moving with a velocity β = (1 − 1/Γ 2 ) 1/2 (in unit of c, the speed of light) is given by
where θ 1 satisfies R cro ≈ c(t ⊕ − t eje )/[(1 + z)(1 − β cos θ 1 )], θ j is the half opening angle of the shell,
is the specific spectrum of the radiation in unit of solid angle, we introduce the term R k due to the fact that on the "equal arriving time surface" R(θ) = c(t ⊕ − t eje )/[(1 + z)(1 − β cos θ)] (Rees 1966), the magnetic field, the typical emission frequency of the electrons, and the number of electrons involved in the radiation are all functions of R.
Equation (11) yields
where t 0 = t eje + (1 + z)R cro /2Γ 2 c and t j = (1 + z)R cro (1 − cosθ j )/c. For t ⊕ > t j , there is no radiation any more. For t eje ≪ t 0 , equation (12) reduces to the familiar form F ν ⊕ (t ⊕ ) ∝ (t ⊕ /t 0 ) −(2+β) , which coincides with that presented in Kumar & Panaitescu (2000) but derived in a different way.
For one pulse, t 0 − t eje ≈ δt ≪ t 0 , the observed flux drops as [1 + (t ⊕ − t 0 )/δt] −(2+β) , which is much steeper than (t ⊕ /t 0 ) −(2+β) .
Early energy injection model
In previous works on the energy injection in GRB afterglow phase, the energy is injected into the fireball directly (e.g., Panaitescu et al. 1998; Kumar & Piran 2000; Zhang & Mészáros 2002 ). But at t ⊕ ∼ several × 100 s, the initial fireball has not been decelerated significantly, and moves with a Lorentz factor Γ ∼ 100. At a radius R ∼ 10 17 cm, unless the bulk Lorentz factor of the ejected material is far large to thousands, the emission powered by the energy injection usually peaks in ultraviolet/optical/infrared band. In this case, the accompanying long wavelength emission should be very bright, and after the energy injection, the X-ray flux can not drop steeper than t −(2+p/2) ⊕ due to the curvature effect (see Zhang et al. 2005 for the numerical verification).
If at the end of the prompt γ−ray burst phase, behind the initial fireball, there are some slow materials, for example, the "cocoon of less energetic, but still moderately relativistic ejecta" suggested by Zhang et al. (2004) and Ramirez-ruiz et al. (2002) or alternatively the slow neutrons moving with a bulk Lorentz factor ∼ a few tens. As the ejected material (the Lorentz factor Γ inj ∼ hundreds) catches up with the slow materials (the Lorentz factor of which is Γ s ∼ tens), interesting X-ray emission may be powered. If the mass of the injected material is significantly lower than that of the low material but Γ inj ≫ Γ s , the emission is mainly contributed by the refreshed RS with a Lorentz factor
, where t dur is the duration of the initial γ−ray emission phase, which may be (but not much) longer than the T 90 (The duration of the event but defined as the time within which 90% of the photons arrived). The magnetic field generated in the RS region can be estimated by B ∼ 270ǫ 15 , i.e., in the soft X-ray band. At V band, the observed flux is expected to be
∼ 30 mJy for hν x = 1 keV and F νx = 1 mJy. For most optical telescopes on work, it is bright enough.
If the ejection takes place at t eje ≈ t dur and ends at t p,⊕ , roughly speaking, the X-ray flux drops as
−(2+p/2) due to the curvature effect for t ⊕ ≥ t 0 .
Temporal behavior of the X-ray Bump: constraint on the models
For GRB 011121, the X-ray bump emerges at t b,⊕ = 239 s and peaks at t p,⊕ ∼ 270 s, the averaged flux of the X-ray re-brightening is ∼ 8.9 × 10 −9 ergs cm −2 s −1 (2-10 keV), the accompanying γ−ray flux is ∼ 9.3 × 10 −9 ergs cm −2 s −1 (40-700 keV). The corresponding luminosity (2-700 keV) is ∼ 6 × 10 48 ergs s −1 . The rise and fall of the first bump (also the dominant one) are both very steep, similar temporal behavior has been found in the X-ray flares of XRF 050406 and GRB 050502b. GRB 011121 is believed to be born in a weak stellar wind. If it is the case, as shown in Fig. 1(b) , no bump is expected in the FS-RS model. The FS-RS shock model is also disfavored by the rapid decline of the observed X-ray flux. Both the late internal shocks model and the early energy injection model are possible, as long as the activity of central source lasts to ∼ 500 s. Such long activity is necessary since: In the energy injection model, assuming t eje = t b,⊕ = 239 s, t 0 = t p,⊕ ≈ 270 s and there is no material injected further, the observed X-ray flux should drop as F νx ∝ [(t ⊕ − 239)/31] −3.15 , which is much steeper than the observed decline F ν x,⊕ ∝ (t ⊕ /270) −7 (As shown in Fig. 7 of P05, the observation satisfies
In the late internal shocks model, δt < (t p,⊕ −t b,⊕ ) = 31 s, if after t p,⊕ , there are no internal shocks any more, the resulted decline F νx ∝ [1+(t ⊕ −270)/δt] −3.15 , which would be much steeper than the observation. So we suggest that after t p,⊕ , the decline of the X-ray flux of GRB 011121 is still contributed by the re-activity of the central source, not the curvature effect. Other reasons to support the model of re-activity of central engine are as follows. In the spectral fit, it is found that the energy spectral index 1.15 ± 0.15 (re-brightening phase) is very close to that of precursors 1 and 2 (see Table 2 . of P05 for detail). The WFC/GRBM ratio for these two precursors and the rebursting phase are also rather similar (see Fig. 1 of P05, the lower panel).
In the energy injection model, the X-rays are powered at a radius much larger than the late internal shocks radius, so the synchrotron self-absorption frequency ν a is usually below the optical band, the resulting UV/Optical flash is much bright, i.e., in the "late internal shocks model", F νv ∼ 1 mJy; but in the "early energy injection model", F νv ∼ 30 mJy (see §2.2 for detail). However, for GRB 011121, there is no long wavelength observation at such early time. The theoretical optical flux is bright to 100 mJy (Just the FS component, see Fig. 9 of P05), which is far brighter than the new component suggested here. So, for GRB 011121, these two models can not be constrained further.
Here we discuss the X-ray bumps emerged in XRF 050406 and GRB 050502b briefly. The duration of XRF 050406 is very short (T 90 ∼ 5 ± 1 s), the X-ray flare peaks at t p,⊕ ≈ 210 s. So in the "early energy injection model", unless t dur ≫ T 90 , at the end of the injection,
, which is inconsistent with the observation. For the same reason, the FS-RS model (the ISM case) has been ruled out directly. So we suggest that the X-ray flare of XRF 050406 is contributed by the "late internal shocks" (see Burrows et al. [2005] for independent argument).
Solid evidence for the "late internal shocks" can be found in the X-ray flare of GRB 050502b, which re-bursts at t b,⊕ ≈ 200 s and peaks at t p,⊕ ≈ 650 s. Currently, in the "early energy injection model", t dur ≤ t b,⊕ , so after the peak, due to the curvature effect, the received X-ray flux should be flatter than
, which is clearly inconsistent with the observation. The late internal shocks interpretation is also supported by the sharp hard spike emerged in the X-ray lightcurve (see Fig. 2 of Burrows et al. 2005 , the right panel).
Summary & Discussion
In this work, we show that all of the forward-reverse shock model (in the ISM case), the late internal shocks model and the early energy injection model (Different from the energy injection process suggested before, here the energy is injected into the moderate relativistic material behind the initial fireball) can power an early X-ray bump. However, the temporal behaviors of their decline are much different. For the forward-reverse shock model, after t p,⊕ (the peak time of the bump), the flux can not drop sharper than (t ⊕ /t p,⊕ ) −(2+β) . For the late internal shocks model, in principle, at the end of the re-activity of the central source, any slope steeper than −(2 +β) are possible. The early energy injection model may work if the X-ray bump is not well separated from the prompt γ−ray emission. If the rise timescale of the bump is significantly shorter than t p,⊕ , the fall of the X-ray flux may be much steeper than (t ⊕ /t p,⊕ ) −(2+β) , otherwise the decline slope is close to −(2 +β). Their different decline behaviors in turn provide us a simple but reliable tool to distinguish them.
For the X-ray bump observed in GRB 011121, the X-ray bump is not well seperated from the prompt γ−ray emission phase and the rise timescale of the bump is very short, which can be accounted for by both the late internal shock model and the early energy injection model. For the X-ray flares detected in XRF 050406 and GRB 011121, the late internal shock model is favored. If the mechanism is more or less universal, we believe all of them are powered by late internal shocks. In this model, the optical emission may be suppressed by the significant synchrotron-self-absorption. But in the UV band, the radiation may be still quite strong. The surrounding neutral gas will be ionized significantly, as that detected in GRB 050502b . It is interesting to point out that very early X-ray bumps exist both in long hard GRBs and in soft XRFs, which strengthens the correlation of these two phenomena.
The X-ray bumps observed in these GRBs imply that the central engine actives much longer than the prompt γ−ray burst phase. A possible mechanism is that after the prompt γ−ray burst, an advection-dominant disk still exists (see Gao & Wei [2005] and the references therein). With the unstable but significant fallback of material, an energy extraction process similar to the γ−ray burst phase may operate again, and late internal shocks are powered.
Finally, we suggest that in some GRBs, their early X-ray lightcurves may be a super-position of the long activity of the central source (in particular the late internal shocks) and the forward shock emission, i.e., it consists of "two emission component" (This "Two emission component" model is essentially different from the "Two component jet" model), so the temporal behavior of the X-ray lightcurves may be much different from that of the long wavelength emission (UV/Optical ones). This "two emission component" model, in principle, can be tested by the UVOT and XRT onboard Swift directly in the near future.
